We measured the wavefront aberrations of the eyes of five subjects with a Shack-Hartmann sensor sampling at 21.2 Hz and decomposed the measurements into Zernike aberration terms up to and including the fifth radial order. Coherence function analysis was used to determine the common frequency components between the aberrations within subjects. We found the results to be highly subject dependent. The coherence values were typically Ͻ0.4. Possible reasons for this are discussed. Coherence function analysis is a useful tool that can be used in future investigations to determine correlations between the aberration dynamics of the eye and other physiological mechanisms.
It is now well known that the higher-order aberrations of the human eye, i.e., those beyond defocus and astigmatism, display dynamic behavior during fixation. [1] [2] [3] [4] [5] Although certain frequency components of some of the aberrations have been attributed to the heartbeat, 4 ,5 the origin of their dynamic behavior has yet to be identified. Knowing this is of importance in fields such as high-resolution retinal imaging, where one wishes to correct for them. If their origin were known, then techniques for reducing their magnitude could be developed that would complement existing techniques such as adaptive optics. 6 Establishing if there are correlations between higher-order aberrations will help to determine their underlying cause. Computation of the coherence function is a rigorous tool for determining the synergy between the dynamics of ocular mechanisms. 7 Previous estimates of correlations have been based on calculating a single correlation coefficient using covariance. 4 The advantage of the coherence function is that it gives a measure of the degree of correlation between each of the individual frequency components of the two signals in question. In this Letter we report on the results of coherence function analysis of the aberration dynamics of the human eye. We show that the results are subject dependent, but in general the coherence values are Ͻ0. 4 .
The coherence function is given by
where G xy is the cross-spectral density function (CSD) and G xx and G yy are the power or autospectral density functions (PSDs). 8 A value close to one indicates a correlation at that particular frequency. For a signal x (or y) sampled at a frequency F s over a time period T, giving N data points, the estimated raw CSD and PSD are given by
respectively, where X͑f , T͒ and Y͑f , T͒ are the discrete Fourier transforms of x and y, respectively. We measured the aberrations of one eye of each of five subjects with a Shack-Hartmann sensor sampling at 21 Hz, over a time period of 71 s. The age range of the subjects was 24 to 35 years. The pupil size over which measurements were made was 4.2 mm, and no pupil dilating or accommodation paralyzing drops were applied. The subjects were stabilized using a bite bar and were all experienced observers with good fixation stability. The target was a high-contrast letter at optical infinity.
The experimental setup is shown in Fig. 1 and has been described elsewhere. 5 In brief, the eye is illuminated by an infrared laser diode at 817 nm, which is scanned across the retina at 200 Hz to reduce speckle. 1 Defocus and astigmatism are compensated for using a Badal optometer and rotating cylinders arrangement. The pupil is sampled by the lenslet array at 0.6 mm intervals.
For each Shack-Hartmann measurement the coefficient of each Zernike aberration mode up to and including the fifth radial order was calculated. The OSA/VSIA Taskforce convention was used. 9 The Welch method was then used to calculate a smooth estimate of the CSDs and PSDs 10 for the coherence function. This calculation consisted of splitting each aberration time course signal into ten sections (hence 20 degrees of freedom) and extracting each one by use of a Hanning window to form the averaged CSDs and PSDs. To validate averaging across segments the data were first checked for stationarity using the reverse arrangements test. 8 Averaging over segments is important for variance control, and data extraction using a nonrectangular window reduces bias due to spectral leakage. The time course signals were also detrended to eliminate contributions to the CSDs and PSDs from signals with a period greater than the length of each segment. 8 The 95% confidence intervals were calculated using the method proposed by Wang and Tang. 11 For each subject the coherence function was calculated between each aberration. An example for one subject is shown in Fig. 2 . The results for aberrations up to and including the fourth order (excluding tip and tilt) are shown. The confidence intervals have been omitted for clarity. On average, across subjects, the highest coherence function values were found between the second-and the fourth-order terms with the same angular frequency: defocus and spherical aberration, astigmatism at 45°and secondary astigmatism at 45°, and astigmatism at 0°and secondary astigmatism at 0°. Zhu et al. found that these aberrations gave the highest correlation coefficients when covariance analysis was used. 4 In addition, we found subject-dependent peaks in the coherence function between other aberrations.
For a large number of aberrations and frequencies the coherence function value was zero, suggesting no correlation here. The nonzero coherence function values were far from unity and generally Ͻ0.4. This was true for all subjects. A coherence function value greater than zero but less than unity can be due to one or more of three possibilities. 8 The first possibility is excessive noise in the measurements. We believe this not to be the case, as the noise in this system is several orders of magnitude below that of measurements from a real eye. 5 Another possibility is that there is more than one mechanism contributing to the aberration dynamics and that some of these mechanisms may be common between some aberrations and not others. Possible mechanisms include miniature eye movements, tear film fluctuations, intraocular pressure changes, and pupillary unrest. A third possibility is the existence of a nonlinear relationship between the aberrations, due to nonlinear limits of eye deformation. We believe the last two of these possibilities to be likely.
In conclusion, we have demonstrated using coherence function analysis that, for the subjects tested, there are many frequencies in the range 0 -10 Hz where there is no correlation between the aberrations. Where correlations are evident it is likely that the relationship between them is not linear and (or) that there is more than one physiological mechanism manifest in the eye that causes the dynamic behavior. The advantage of the coherence function is that a correlation between aberrations at a specific frequency or groups of frequencies can be detected in cases where the correlation based on covariance may be low. The coherence function is an invaluable tool that can be used in future investigations to determine which mechanisms may be responsible for the dynamic behavior of the aberrations of the eye and so help develop methods to assist adaptive optics with their compensation.
